Efficient delivery of anticancer drugs into tumor tissues at maximally effective and minimally toxic concentrations is vital for therapeutic success. At present, no method exists that can predict the spatial and temporal distribution of drugs into a target tissue after administration of a specific dose. This prevents accurate estimation of optimal dosage regimens for cancer therapy. Here we present a new method that predicts quantitatively the time-dependent spatial distribution of drugs in tumor tissues at sub-micrometer resolution. This is achieved by modeling the diffusive flow of individual drug molecules through the three-dimensional network of bloodvessels that vascularize the tumor, and into surrounding tissues, using molecular mechanics techniques. By evaluating delivery into tumors supplied by a series of blood-vessel networks with varying degrees of complexity, we show that the optimal dose depends critically on the precise vascular structure. Finally, we apply our method to calculate the optimal dosage of the cancer drug doxil into a section of a mouse ovarian tumor, and demonstrate the enhanced delivery of liposomally administered doxorubicin when compared to free doxorubicin. Comparison with experimental data and a multiple-compartment model show that the model accurately recapitulates known pharmacokinetics and drug-load predictions. In addition, it provides, for the first time, a detailed picture of the spatial dependence of drug uptake into tissues surrounding tumor vasculatures. This approach is fundamentally different to current continuum models, and reveals that the target tumor vascular topology is as important for therapeutic success as the transport properties of the drug delivery platform itself. This sets the stage for revisiting drug dosage calculations.
Introduction
Knowledge of the efficiency of drug delivery from the vasculature into target tissues is important for estimating the optimal dosage regimen for a given drug [1] . This is particularly significant for anticancer drugs, which are generally very toxic [2] .
Drug dosing for humans is often derived from animal studies, which are refined in human clinical trials [3] . Adaptation to individual patients is achieved by scaling the standard dose based on weight or body surface area (BSA) using empirical calculations, with the DuBois and Mosteller formulas being the most commonly used [4] . BSA based regimens have been criticized, as they cannot account for the 4 to 10-fold variation in drug clearance typically observed within any particular patient pool [5] , nor do they consider the variability of maximally tolerated doses among individuals [6] . Furthermore, BSA calculations differ depending on the empirical formula used. This may considerably impact patients' health due to under-or overdosing, especially for children [7] . In cancer patients, calculations based on these methodologies have resulted in both increased toxicity due to overdosing [8] as well as decreased efficacy and possible development of drug-resistance due to underdosing during chemotherapy [9] . Furthermore, BSA derived dosimetry fails to individualize the effects of the majority of the most commonly used cytotoxics [10] . This highlights the need for better tools to predict effective doses when discussing nonspecific chemotherapeutic agents [11] .
Systemic delivery of therapeutics into tissues relies upon the vascular network, which also delivers oxygen and nutrients. In healthy human tissues (e.g. liver, kidney, muscle), cells are typically located 50 μm from a blood vessel [12] , which results in good tissue distribution of pharmaceuticals with high permeability. In contrast, drug delivery into tumor tissue is complicated by the leaky and defective tumor vasculature. The growth of the neovasculature recruited to supply tumor cells is typically slower than the proliferation rate of cells inside a tumor [13, 14] . This results in a significant increase in the average normal distance to the nearest vessel for cancer cells (> 100 μm) and a lower overall density of blood vessels inside a tumor [15, 16] . Together with reduced lymphatic drainage, this creates an acidic and hypoxic extracellular environment for tumor cells at larger distances from the vasculature due to accumulation of byproducts of cell metabolism (e.g. lactic acid and carbonic acid) and oxygen starvation [17] . Targeting cells in these deeply buried microenvironments with chemotherapy is challenging, because drugs may not diffuse efficiently enough through the interstitial space to reach them [18] , and the drugs that do reach deep into these tissues may be less active due to the acidic microenvironment [19] .
The ability of anticancer therapeutics to come into contact with all proliferating cells within an inoperable tumor is vital for prolonging remission or preventing relapse. To improve delivery into solid tumors nanoparticle-based cancer drugs have been developed that exploit the enhanced permeability and retention (EPR) effect [20] by penetrating the leaky junctions of the tumor vasculature and accumulating inside tumor tissues [21] . In this study we compare the efficacy of tissue penetration of the anthracycline doxorubicin, a commonly use anticancer drug, to doxil, an FDA-approved nanoparticle formulation, which encapsulates~48,000 doxorubicin molecules in a liposome [22] . Typical intravenously administered doses are 50 mg/m 2 every 28 days for doxil and 60 to 75 mg/m 2 every 21 days up to a typical maximum dose of 300-600 mg/m 2 for doxorubicin. Inter-individual clearance rates of doxorubicin are uncorrelated with BSA [23] , while cardiotoxic side effects increase proportionally to the cumulative administered dose, with 6-20% cardiotoxicity at 500 mg/m 2 . This makes accurate prediction of the optimal administered dose desirable.
Simple drug delivery models typically divide the organism into a number of compartments such as blood vessel, peripheral tissue, and tumor tissue. How much of a given compound was delivered to the tumor is calculated by assigning first order rate constants to model the transport between the various compartments and by taking into account clearance [24] . While these models can be parameterized to capture uptake in the tumor microenvironment implicitly, the spatial resolution of the drug in the target tissue and hence the overall effectiveness of a particular chemotherapeutic dose remain undetermined.
Here, we present a new method that predicts the spatial drug delivery efficiency into a target tissue. To achieve this, we simulate the diffusive transport of compounds through a vasculature towards target tissues using molecular mechanics methods in complex geometrical volumes. The model works for both molecular solutes as well as nanoparticle-based delivery systems that carry thousands of individual pharmaceutically active compounds. The ultimate goal of this model is to provide new insights into the relative efficacies of different pharmacophores, enabling systematic optimization of therapeutics for specific tumor and healthy tissue vasculatures.
Material and methods

Modeling the vasculature, endothelium, and surrounding tissues
Stochastic drug transport towards target tissues is modeled by pseudo-random diffusion through a micrometer-resolution three-dimensional (3D) model of vasculature and surrounding tissue (see Fig. 1 ) in an algorithm (Fig. S1 ) that scales linearly with the number of particles.
Corrosion casts and micro-computed tomography (μCT) scans of tumor vasculatures show branched networks of arteries, capillaries, and veins that are approximately cylindrical in cross section [15] . In order to capture the vascular network efficiently we modeled veins and arteries as linked cylinders of constant radius, with a sphere at either end to allow map bends and branches as well as changes in radius (see Fig. 1 ). This greatly facilitates tracking of drug diffusion through the various compartments representing the vasculature and surrounding tissues, which makes the simulation of a large number of particles tractable with reasonable computational effort. Blood vessel networks are defined in a text file that specifies the Cartesian coordinates of the cylinders and spheres. This information is loaded at runtime during the setup of the simulation (c.f. Fig. S1 ). Different physical parameters can be assigned for each geometric element without loss of computational efficiency to model leakier vessel segments or to capture changes in diffusivity due to tortuous vascular structures. Each vascular network (e.g. Fig. 1C ) was mapped by manually specifying starting and ending locations of each vessel section. A realistic vasculature was traced by a reference image [25] . In the absence of 3D information from the image, the blood vessels were traced in a plane.
Tissues surrounding the vasculature are modeled as a mesh of rectangular prisms that are connected in three-dimensions. Each prism is 3.33 μm long on each side, with a volume of~37.0 μm 3 . All simulations presented here have physical volume of 1 mm 3 , consisting of a cubic grid of 300x300x300 prisms. This allows tracking the flow and spatial distribution of individual molecules in tissues. For the present study, we have assigned the particle diffusivity to be isotropic for the vasculature and tissues. However, different diffusivities in x, y, and z can be assigned for each element of the tissue or vasculature (e.g. dependent of vessel radius or related to the distance from the closest vessel), and there is no major computational overhead associated to adding microscopic structural features, such as individual tumor cells or blood lakes, to these tissues. While the mesh allows for full spatial and temporal tracking of particle concentrations within tissues, the particles themselves are able to move freely in three dimensions and their position is not constrained by the grid (Fig. 1A) . Peripheral tissues were modeled as a virtual compartment with exchange particles with the blood vessels via an effective forward (k + tissue ) and backward rate constant (k − tissue ), which were taken from Wong et al. [24] . Tumor vasculatures have complex structures, which are abundant in chaotically branched microvessels that form loops and dead ends [15, 16, [26] [27] [28] . These malformed vascular networks typically have microvessels that vary greatly in diameter when compared to healthy tissues. Often there is no preferred blood flow direction or the vasculature is connected only to feeder arteries with no draining veins [29] . To explore the effect of these structural features on drug delivery we modeled a section of vasculature of a mouse ovarian tumor. This was accomplished by manually specifying the vasculature coordinates based on the pixel data in the reference image [25] . Because we have little 3D information from this image, we flattened it to 2D. This simplification is much easier to present and visualize, while still demonstrating the effect of the vascular topology on delivery, despite the constraint of the 3D blood vessels to a 2D plane.
Drug diffusion in the vasculature and surrounding tissues
Diffusion of the drugs and the delivery system was modeled by a fixed step-size (r = √(6•D vasc •∆t)) spherical random walk in combination with a Metropolis Monte Carlo scheme to hop between vasculature and surrounding tissues (summarized in Fig. 1) . A time-step of Δt = 1 s was chosen with a fixed Einstein diffusion length (i.e. step-size) inside the vasculature of in a spherically random direction.
For the vasculature, a diffusion coefficient of D vasc = 1.0 × 10 −7 cm 2 /s was chosen for doxil, which corresponds to the theoretical random diffusion of a spherical liposome of 100 nm diameter through capillary blood. For the small molecule drug doxorubicin D vasc = 1.0 × 10 −5 cm 2 /s was chosen, which is the same order of magnitude as other molecules of similar size [30] . Regarding the surrounding tissues, diffusivity measurements in vivo are challenging at present. The diffusivity of doxorubicin inside the interstitial space of tumor tissues was chosen to be D tiss = 1.0 × 10 −7 cm 2 /s. This value is consistent with a drug that delivers well in tissues with dense vasculature [31] , and is comparable values used in other models [32] . The diffusive lengths of nanoparticles are certainly much lower. The diffusivity of doxil liposomes was based on broad-field fluorescence measurements of nanoparticles of similar size and mass within agar gel phantoms (in vitro) [33] . Many nanoparticles diffuse on the order of 10 −11 cm 2 /s in mucus covered epithelial tissues [34] , but the selection of D tiss = 1.0 × 10 −9 cm 2 /s is closer line with previous simulations of doxil [35] , and yields a similar drug penetration in the tumor, due to the square root dependence on diffusivity on permeation length. For the present study, we model only diffusive flow of liposomes through the vasculature, across the endothelium, and into and across surrounding tissue. Time-dependent blood flow and viscosity, as well as more fine-grained tissue structures can be implemented straightforwardly to refine this model. We show below that equilibration inside the vasculature is much faster than trans-endothelial transport and diffusion in surrounding tissues. Thus, flow was ignored for the present study.
Clinically relevant dosing
All tumor models were chosen to have a fixed volume of 1 mm 3 . This allows us to directly compare the variation of drug uptake into tumor tissues with different vascular structures. In order to explore the effect of the tumor vascular structure on delivery, the model patient BSA and body mass index (BMI) are kept fixed.
We 
trans-Endothelial transport
Tumor endothelia have leaky junctions between cells, resulting in increased transport of large complexes including liposomes up to around 500 nm in diameter [36] [37] [38] . This can be modeled by adjusting the permeability for individual segments of the vasculature. Since we are simulating the delivery of individual molecules the first-order rate constant for transport between compartments must be converted into a per-particle transport probability. This is achieved using a kinetic Monte Carlo approach. In brief, the experimentally determined firstorder rate constant k trans of a drug exiting a compartment (e.g. doxil moving from blood into tissue) was converted to a corresponding Monte Carlo probability for this process. A first-order population decay of particles N(t) at some discretized time t = nΔt (n = 0,1,2, …), which was obtained from fits to clinical pharmacokinetic data for doxil [39] ( Fig. 2A) :
can be transformed into a rate-equivalent Monte Carlo extravasation probability, p, using:
Here N 0 is the initial population, k < 0 is the first-order rate constant, n is the number of simulation steps, Δt is the simulation time-step, and p is the Monte Carlo probability of a change of state (i.e. transport event p trans or clearance event p clearance ). The solution of this equation gives the rate-derived transport probability:
This Monte Carlo scheme quantitatively replicates the pharmacokinetic compartment model (c.f. Fig. 2A ).
Drug injection, clearance, and delivery
Injection is simulated by placing all drug molecules at a point source in the artery and allowing them to diffuse. As most drugs extravasate slowly compared to vascular circulation times we first equilibrate to uniform concentration throughout the vasculature, before enabling trans-endothelial transport and clearance. This is a good approximation for doxil and doxorubicin, which exhibit negligible extravasation and clearance in the < 5 min timeframe the drug takes to equilibrate in the vasculature. However, some drugs have very high extravasation and clearance rates, we therefore also performed simulations without preequilibration (See Fig. S2 ). Clearance by macrophages, liver, and kidneys is simulated as a random removal using a kinetic Monte Carlo scheme with a rate k clearance . Delivery from the large vessels (arteries or veins) into surrounding tissues is modeled using a kinetic Monte Carlo approach outlined above (Eq. (2)) with a rate constant of k delivery = (k clearance / 100). This value is based on the observation of a much slower clearance (plasma half-life t ½ > 180 h) of fluorescently loaded nanoparticles and free drug within mouse tissues when compared to the normalized plasma bound concentration of nanoparticles and free drugs [40] [41] [42] [43] . These are connected via spheres to allow branching as well as changing of the direction and radius of blood vessels. Interstitial space and tissues are represented as a micrometer resolution cubic grid. B. Rapid diffusive equilibration of an injected drug dosage throughout the small arteries (red), arterioles (light red), capillaries (pink), venules (light blue), and veins (blue) of a simple vascular network (inset). C. Three dimensional distribution of drugs in a vasculature and surrounding tissue at t = 60s and 168 h. The model captures the position of individual drug molecules (brown spheres) as they transfer out of the vessel and disperse into the tissue.
Definition of the minimum effective dose
To achieve a therapeutic dose in a patient a drug has to be administered at the minimum effective dose (MED). We chose 5 μM as the MED. This value was derived from the Genomics of Drug Sensitivity in Cancer database, which report half maximal inhibitory concentrations (IC 50 ) for doxorubicin ranging from 4.4 nM to 32.2 μM for 928 cancer cell lines [44] .
Due to the non-specificity of anticancer chemotherapeutics like doxorubicin, toxic side effects to off-target tissues in the body are common and currently unavoidable even at minimal therapeutic dosages. The maximally tolerated dose (MTD), which accumulates over the entire treatment cycle, for doxorubicin can be estimated to bẽ 50 μM. This was calculated for a model human being (see Section 2.4) and defined as an 18% incidence of doxorubicin cardiomyopathy, which is primarily related to the cumulative dose and increases from 4% at 500 mg/m 2 to 36% above 600 mg/m 2 [2] .
Doxil and doxorubicin parameters
Doxil is modeled as a spherical particle with 100 nm diameter (N.B. the actual diameter for commercial doxil is~85 nm), a tissue diffusivity of . These values were derived from Wong et al. and Eq. (3) [24] . All model parameters and their source are summarized in Table 1 . shows that this results in uneven drug penetration across the vasculature, suggesting that drugs like this may be unsuitable to treat certain tumors. Doxorubicin and doxil have pharmacokinetics (see below) that suggest that the amount of drugs that extravasate before vascular equilibration is negligible, we hence proceed with pre-equilibrated simulations. , with best fits to a simple multi-compartment model [24] , a stochastic compartment model, and the structural model presented here, with clinical data [39] . All three models are able to reproduce the functional form of the clinical data reproduce the clinical clearance half-time of 30.4 h [24, 47] . The simulated pharmacokinetics of doxorubicin is shown in Fig. S3 .
Results
Particle injection and equilibration in the vasculature
Pharmacokinetics of structural versus compartment models
In the simple compartment model drugs move between four dimensionless compartments (blood, tumor, peripheral tissue, and clearance), while in the stochastic compartment model individual drug molecules are placed in a 3D vasculature, but each drug still has the same probability of passing into the tissue, irrespective of physical position. Fig. S4 shows that these models are essentially identical.
In the structural model presented here, drugs extravasate by diffusion across the walls of a three-dimensional vasculature. This means only particles close to the walls can exit a vessel. Fig. 2B shows the simulated tumor uptake of doxil liposomes for different extravasation and clearance ratios (k + tumor :k clearance ), which can be thought of as a measure of the strength of the EPR effect, for both the compartment and structural models. While the total amount of drugs that eventually cross the endothelia can be multiplied by a scale factor f to match the number obtained via a compartment model, the mathematical curve describing the number of drugs leaving the vessel as function of time is different and cannot be reproduced by scaling (Fig. 2B) . The functional form of time-dependent tumor drug uptake of a compartment model can only be recaptured by allowing any drug in the vasculature to exit with an equal probability irrespective of its proximity to the blood vessel walls (Fig. S4) . However, in a structural model, the fraction of particles being able to exit varies with vessel diameter (Fig. 2C) , and the final location of a molecule in the system depends on the precise trajectory through the vasculature and surrounding tissues.
Only molecules within a volume element surrounding the vascular surface may traverse the endothelium. For each cylindrical vascular segment this volume element is: ΔV = c·v av ·Δt, where v av is the mean speed of the drug in the blood vessel, and c is a constant that depends on the diameter and length of the vessel segment. The sum of all volume elements of the vasculature scales non-trivially with the total volume of the entire blood vessel compartment (Fig. S4 ). This means that for a compartment model to accurately reproduce a structural model the rate-derived probability (Eq. (3)) would ultimately need to be scaled in each vascular segment.
For any given drug with known kinetic properties (i.e. p ± tumor , k clearance , D tissue ), the final delivered dose scales linearly with the surface area to volume ratio of the blood vessel (Fig. 2D) , which demonstrates that the delivery depends on the three-dimensional structure of the vasculature. Tables S1 to S4 indicate the structural parameters of the vascular networks simulated in this paper.
Comparison of the time-dependent uptake kinetics of doxil in all three vasculatures shown in Fig. 3 was found to be similar in functional form, yet the ultimate dose delivered is different for all vasculatures (Fig. 2D) . The key parameters used in this study are reported in Table 1 . The concentration profile across parallel capillaries shows 99% doxorubicin delivery above the MED for capillaries spaced 50 μm apart, representing healthy tissues. Increasing the inter-capillary distance to 100 μm, a level common in tumor tissues [16] , reveals therapeutic gaps between the capillaries, with 27% of the tissue receiving an ineffective dose. Target areas located midway between these 100 μm spaced capillaries show~50% smaller AUCs, as well as a time-lag in reaching peak concentration compared to capillaries with 50 μm spacings. ). A more complex branched and looped web of capillaries in a microtumor (Fig. 3C) shows similar behavior and highlights that vessel geometry greatly influences how drugs are distributed across the tissue. Choosing a target site (purple) located further away from the capillaries (~10 μm) in an acute angle (~30°) shows better drug delivery, despite ã 30 min time-lag for drugs arriving, compared to a site (green) that is closer to the capillaries (~20 μm), but in an obtuse branching angle (~150°).
How vascular structure impacts tissue penetration
This indicates that the average spacing of capillaries is a poor predictor of drug delivery. Instead, the distance-weighted vascular volume surrounding a target tissue is the key indicator of delivery efficiency. Indeed, drug concentrations are particularly high at the branching points of capillaries. To investigate this, we ran simulations over a range of branching angles (Fig. S5 ). This revealed that in the proximity of small branching angles (< 30°) concentrations are increased 3-fold compared to similar distances from straight capillaries, and are still 15% larger at 90°branches. This is due to a higher vessel surface to tissue volume ratio close to an angled vessel. From k delivery (Eq. 
trans-Endothelial transport and tissue diffusivity
Drug delivery depends strongly on clearance kinetics from blood, tissue diffusivity, and trans-endothelial permeability. The latter two are physical properties of the drug itself. This suggests that a model that can predict the spatiotemporal distribution of a drug after administration can be used to identify drugs with kinetic properties that are optimal for treating a particular tumor. Fig. 4 shows the results of a systematic scan of trans-endothelial permeabilities and tissue diffusivities for a fixed clearance rate. The figure demonstrates graphically that, while transendothelial permeability is vital in getting drugs into the tumor, tissue diffusivity is the key determinant for efficient delivery into deeply buried tissues.
Quantitative analysis of the drug distribution in the tissue allows precise spatial mapping of the therapeutic efficiency across the tumor. For this particular vascular structure, a range of good drug properties is highlighted by a green box. Outside this parameter range the structure of the vasculature effectively prevents delivery of drugs at sufficient concentrations to treat the tumor. For a fixed trans-endothelial transport probability the total number of drug molecules released into the tissue is approximately constant. However, the diffusive length into the tissue varies with an expected square-root-dependence of the diffusion coefficient. Thus, tissue diffusivity, rather than trans-endothelial transport propensity is essential for increasing the volume of tissue with effective drug delivery concentrations.
Comparison of the delivery of doxil with doxorubicin reveals that the latter, due to its small size, penetrates much deeper into the tumor tissues. However, we show below that this does not result in a higher overall dose ending up in the tumor (see Section 3.7).
If the trans-endothelial permeability is very high, there will be an extravasation gradient along the vasculature, that results in uneven delivery of drugs into the tumor. 
Delivery of doxorubicin through realistic tumor vasculatures
Fig . 5 shows a model of a real tumor vasculature that was traced from a mouse ovarian tumor image (see Methods). As no data was available for the whole tumor we model only the subset provided and concentrate our analysis on a target area. Uniform equilibration of doxil across this blood vessel is achieved within 5 min, despite the complexity of the branched vascular network (see Supplemental movie). Simulation of spontaneous drug diffusion out of this vasculature shows that the key barrier to treating this tumor is the wide and uneven spacing of the blood vessels. This results in < 44% of the entire tumor tissue being exposed to therapeutic concentrations for drugs with the smallest MED of 1 μM for a dose of 50 mg/m 2 . For doxorubicin regions close to the vasculature are generally well saturated, while many regions buried deeply inside the tumor tissue remain effectively untreated with few or no drugs reaching this far. Increasing the injection dose to treat these deeply buried parts of the tumor tissue may result in toxic side-effects, thus rendering portions of the tumor untreatable for drugs with insufficient tissue diffusivities. Fig. 5C shows the resting position of doxil liposomes 168 h after injection of 5 × 10 7 liposomes, equivalent to~15 nanomol of doxil.
When scaled up to the whole body this corresponds roughly to a typical clinical dose of 50 mg/m 2 for an average human. From the positions a heat map can be calculated, showing the local concentrations of doxorubicin across the tumor tissue (Fig. 5D) . The simple geometrical blood vessel representation of our model allows loading of existing microvascular structures. Fig. 6A shows a 3D vasculature acquired from a rat brain named brain99 [50] , which was used as a tumor scaffold. This structure was mapped by Secombe and coworkers from scanning electron microscopy data [51] from the superficial rat cortex [48, 49] . The tissue dimensions are 150 × 160 × 140 μm. After injection and equilibration of 10 6 doxorubicin clusters, the delivery of drugs into the system was simulated for 24 h (see movie in Supplement). Fig. 6D shows the final positions of the delivered clusters in the tissue. The relatively high tissue diffusivity of doxorubicin (D tumor = 10 −7 cm 2/s ) and small brain tissue volume results in a nearly homogeneous drug distribution across the tissue with an average concentration of~70 μM. The~50% thinner blood vessel diameters of the brain99 (average vessel diameter = 5.52 μm) structure resulted in a significantly higher amount of drug delivered (2.12% of the initial dose) compared to the mouse ovarian tumor (1.15% of the initial dose, average vessel diameter = 12.8 μm). This effect is a direct result of a structural model (c.f. Fig. 2C ).
Dosage optimization for a specific vasculature and MED
Drugs like doxorubicin have a trans-endothelial permeability of at least 10 −9 cm/s corresponding to an extravasation probability of 10 −6 when there a collision with blood vessel walls in a 1 s simulation time step. Improving therapeutic efficacy (i.e. increasing the tumor volume above the MED), which is constrained by the tumor vasculature, can be achieved by enhancing the trans-endothelial transport rate and tissue diffusivity. For the target area indicated in Fig. 5A and the MED of 5 μM for doxorubicin (MED2 below) (derived in Section 2.7) < 32% of the target tissue reached a dose sufficient to kill tumor cells (Fig. 5E) . In order to analyse the effect of improved MED on tissue delivery we chose three MEDs (MED 1, 2, & 3), corresponding to 1, 5, and 15 μM, respectively. Fig. 5F shows how an decrease (MED1: 1 μM) or increase (MED3: 15 μM) of the MED of doxorubicin (MED2: 5 μM) affects the amount of target area treated therapeutically. The inset of Fig. 5F shows rectangles, where vertical area indicates the therapeutic range of the drug, and the width represents the fraction of the tumor with concentrations above the MED. Scanning of the delivered dose from 0 to 100 mg/m 2 allows determination of the treatment efficiency (i.e. % of tumor reaching the MED) as a function of MED. Fig. 5F shows that for a dose of 50 mg/m 2 , the tumor volume treated at therapeutic concentrations increases to a maximum of 64% for MED1, while it successively decreases to 31% for MED2 and 23% for MED3. Thus a fivefold improvement in MED results in an absolute 33% increase in tumor tissue above the MED. This demonstrates that delivery efficiency depends on all inputs to our model (i.e. vascular and tissue fine-structure, trans-endothelial transfer probabilities, tissue diffusivities, clearance rates, and MED).
To evaluate the dependence on the choice of target area we repeated the analysis for a less well vascularized target area (Fig. S6 ). This shows that at a dose of 50 mg/m 2 improving the MED of an anticancer therapeutic from 5 μM to 1 μM results in a 2-fold increase in treated target tissue. This corresponding to~43% of the target volume receiving MED1. 
Comparison of free versus liposomal doxorubicin formulations
We calculated the tumor delivery efficiency of equivalent molar quantities of doxorubicin for two different formulations: doxil liposomes and free doxorubicin molecules. Fig. 7 shows that 168 h after administration of 10 ),~1% of the initial dose accumulated in the tumor, resulting in a delivered dose of 0.3 nanomol doxorubicin into the tissue. The average tissue penetration depth, defined as the average distance of a doxil molecule from the surface of the nearest blood vessel, was 10.7 ± 8.7 μm.
To mimic liposomal drug release the final location of each doxil particle within the tissue was replaced with 48 'doxorubicin clusters', each simulated as a single doxorubicin molecule, but statistically representing 1000 doxorubicin molecules being released as a burst from the doxil liposome. Even though most doxil liposomes remained close to the vasculature (Fig. 7A ) the subsequent dispersive release of doxorubicin resulted in only minimal back-transfer of doxorubicin into the bloodstream (< 3% of the population which reached the tissues). This corresponded to an overall delivered dose of~30 femtomol doxorubicin to the 1 mm 3 tissue (i.e. an average doxorubicin concentration in the tumor of~30 nM), with average tissue penetration depth of 46.5 ± 29.4 μm (Fig. 7B, D) . Even though both the trans-endothelial permeability and tumor tissue diffusivity are much lower for free doxorubicin than for of doxil (c.f. (Fig. 6C, D) . This demonstrates that injection of doxil almost triples the dose of doxorubicin delivered into this tumor, while tissue penetration of doxorubicin remain roughly identical. However, clearance of doxorubicin is on the timescale of minutes, while doxil clearance is over the timescale of days resulting in a reduction of toxic side-effects. At present it is unclear how doxorubicin is released from doxil liposomes upon accumulation in tumor tissue. However, the present simulations provide a quantitative estimate of the EPR effect, irrespective of the liposomal release mechanism, which is consistent with pharmacokinetic data obtained from patients in clinical trials [47] . We note that improved tumor accumulation may not necessarily result in improved clinical outcomes [52] .
To further explore why the larger doxil has favoured tumor uptake compared to doxorubicin, despite having a lower extravasation rate, we built a simple blood vessel of 10 μm diameter, consisting of a square loop with 100 μm edge length, with one side having uniformly spaced fenestrations of 2 μm, representing the average fenestration size observed in tumor vasculatures [53] . Fig. S7 shows that this fenestrated vasculature favors particles that clear more slowly (i.e. doxil), irrespective of the particle diffusivity in blood or tissue.
The effect of the doxorubicin leakage rate from doxil
To investigate how the kinetics of doxorubicin leakage from doxil liposomes affects tumor accumulation we ran simulations with different leakage rates. In vitro experiments by Russell et al. found that doxorubicin leakage from doxil liposomes can be described by a first-order rate constants proportional to the liposome surface area to volume ratio [54] . Using their mean observed rate of 2.2 × 10 −12 cm/s for commercial 100 nm diameter doxil liposomes with an estimated surface area to volume ratio of 16.7 nm, the reference leakage rate was determined to be~4.8 × 10 −3 h −1 . Fig. 8 summarizes the effect of leakage rate variation on tumor accumulation as a function of time of 9 simulations of 48,000 doxorubicin molecules loaded into 10,000 doxil liposomes (i.e. 4.8 × 10 8 doxorubicin molecules) placed in a cylindrical microvessel of 10 μm diameter and 1 mm length. This shows that the slow leakage rate of doxil results in higher tumor accumulation by protecting the doxorubicin payload from being cleared. A surprising result was that intermediate rates (4.8 h −1 ), which are 1000 times higher than commercial doxil [54] , can offer a marginally increased tumor delivery, but also result in higher doxorubicin loads in peripheral tissues, which may outweigh the benefit of improved tumor delivery (Fig. 8C ).
Discussion
Drug equilibration in the vasculature
A human red blood cell takes less than one minute to circulate through the body [55] . For many small molecule drugs and most larger delivery vehicles, equilibration inside the vasculature is orders of magnitude faster than extravasation. Doxorubicin and doxil liposomes have clearance half-lives of~27 min and~30 h in blood, respectively, which indicates both drugs are well-equilibrated across the vasculature before significant extravasation takes place [31, 56] . This is especially true for doxil liposomes, which have a~70-fold lower clearance rate than doxorubicin. This means that the rate-limiting step for doxil delivery is extravasation into the tissues [24, 39] . For compounds such as doxil, which circulate through the body many times without significant clearance or extravasation, blood flow will play only a minor role. This assumption holds as long as the vasculature network structure of the tumor in question supplies all tissues at an equal rate. This is more likely to not be the case in tumors due to their broader variation in vessel diameters compared to healthy tissues [57] .
On the other hand, chemotherapeutics with high extravasation rates, such as 5-Fluoruracil (5-FU), will exhibit drug tissue concentrations that decrease with distance from the injection site (Fig. S2) . For these drugs a factor limiting efficacy may be how close they can be administered to the tumor itself. Blood flow is likely to reduce the extravasation gradient, as drugs are distributed much more rapidly across the vasculature, and must be included for accurate modeling. These drugs will be largely concentrated in high-velocity segments of the microvasculature, and may not reach effective concentrations in nearby regions of slower blood flow [57] . However, Fig. S2 suggests that tuning extravasation rates to maximize drug delivery to the tumor while minimizing extravasation into healthy tissues may be a viable strategy to limit adverse effects of chemotherapies, as long as injection close to a solid tumor is a viable treatment option.
Importance of the vascular structure
The third column in Fig. 3 shows the time-evolution of the drug concentration within two target regions over the course of the delivery simulation. Numerical integration provides a pharmacokinetic area under the curve for each target area in the tissue. These plots show that the time-evolution of the concentration, peak concentration (C Max ), area under the curve (AUC), and rates of change vary not just with the distance of the target area relative to the vasculature, but also the vessel's branching density and angles.
Simulation of 10 7 doxil liposomes diffusing through a realistic tumor vasculature, traced from a mouse ovarian tumor image, permitted calculation of the percentage of tumor tissues receiving drug doses above the MED of a tumor patch (see Fig. 5 ). This simulation revealed that the 3D structure of the vasculature is important for drug delivery efficiency due to two key factors: first, the diameter of the blood vessel scales inversely with the rate of diffusion of drugs into tumor tissues; and secondly, the weighted distance of tissue areas to surrounding capillaries determines the final drug concentration. Both effects depend directly, significantly, and non-trivially on the actual vascular structure. When treating a tumor with looped vasculature (see Fig. 3BC ), the size of the loop impacts the AUC and C Max for the pharmacophores reaching the tumor tissues inside the loop. Therefore, tumors with very sparse vasculature or large loops may be better served by two different drugs in order to average out the advantages of both modes of therapy.
Doxil versus doxorubicin delivery to tumor tissues via the EPR effect
The initial distributive pharmacokinetic phase of doxorubicin has a half-life of~5 min, whereas the terminal elimination half-life ranges between 20 and 48 min [56] . Conversely, doxil liposomes have a distributive phase of approximately 5 h and an elimination half-life of between 47 and 59 h [31] . The pharmacokinetic profile suggests that doxil liposomes are largely confined to the vasculature during the distributive and circulation-elimination stages, whereas free doxorubicin shows a large volume of distribution (V D ) with considerably more sideeffects due to indiscriminate tissue uptake [24, 39] .
Temporal release of drugs from liposomes roughly follows an exponential decay of drug released over time, as measured in vitro [54, 58, 59] and described via mathematical models [60] . The half-life of doxorubicin release from doxil, measured via dialysis, is 118.4 ± 18.8 h [61] . Another study measuring liposomal doxorubicin release kinetics shows a maximal release of 20-30% of the doxorubicin over the course of 2 weeks, indicating liposomal release is much slower than the clearance rate of doxil [54, 62] , suggesting that the majority of the doxorubicin will remain inside the doxil liposomes until it is delivered into the tissue. Fig. 8 shows, that as suggested by El Kareh et al. and Charrois et al. [61, 63] , the doxorubicin leakage rate from doxil directly affects the amount of drug delivered to the tumor. This suggests that it may be advantageous to tune the leakage rate from doxil to optimize doxorubicin delivery.
At present, the mechanistic details of how doxil kills cells via release of its toxic doxorubicin warhead inside the tumor are not fully understood [62] . Assuming a final tumor delivery range of 0.1% to 1.0% of the administered dose, a 1 cm where doxil, due to its long half-life, high tumor endothelium permeability (i.e. the EPR effect), and low tissue diffusivity, accumulates just behind the tumor endothelium. Our model shows that extravasated doxil liposomes remain close to the vasculature in tumors. This result is consistent with Yuan et al., who observed liposomes in human colon cancer xenografts accumulating in perivascular clusters that remained stationary for up to one week [36] . Key to the efficiency of the EPR effect in tumors is that once a liposome has extravasated, even though it remains close to the vasculature, the backflow into the vasculature is small. We show here that this is due to the small solid angle of the vasculature compared to the surrounding tumor tissue (Fig. S8) , even if the drug is spaced close to the blood vessel, and therefore works especially well for fenestrated tumor vasculatures (Fig. S7) . This is consistent with Ngoune et al. who observed no significant change in the fluorescence signal coming from extravasated liposomes in a tumor when the vasculature was drained of liposomes, demonstrating that the liposomes remain in the tumor [64] . The simulations demonstrate that the reverse flow of drugs from tissue back into the vasculature is almost negligible, due to the small solid angle presented by the vasculature, even for drugs very close to blood vessels. In fact, our simulations show that the vast majority (97.4%) of doxorubicin released from extravasated doxil liposomes diffuses into the tumor (Fig. 7) , despite an initial average nearest vessel distance of just 10.7 μm.
Killing of cells buried in the tumor is then achieved by release of doxorubicin, which has a much higher tissue diffusivity than doxil and is able to penetrate deeply into the tumor without getting cleared by MPS, the kidneys, or the liver. While the simulation cannot reveal how the doxorubicin molecules leave the liposomes, the results are consistent with doxil being taken up by the cell (e.g. via endocytosis), and subsequent release of doxorubicin molecules upon cell death as suggested by literature [54, 62] .
Applicability of the model to other compounds and systems
Estimating the transport barrier of drugs across a unit area of tumor vasculature is non-trivial. Extravasation is dominated by the leaky tumor vasculature and hence expected to be similar for most drugs, especially if delivered via a nanoparticle formulation. Varying the trans-endothelial probability between 10 −3 s −1 and 10
, a range considerably higher than doxil's rate-derived parameter of 6 × 10 −7 s −1 , indicates that a transport probability exceeding 10 −4 s −1 is desirable for therapeutic efficiency, particularly for slowly diffusing drugs or drug delivery vehicles (see Fig. 4 ). In principle, the kinetic parameters (p trans , p elimination , D Tissue , etc.)
used in the present model capture the behavior of clinical pharmacokinetic parameters, such as the volume of distribution (V D ) and pharmaceutical parameters such as the octanol-water partitioning coefficient (log(P)) for the neutral species of a molecule. However, directly relating V D and log(P) to the clearance rate, extravasation probability, and tissue diffusivity of a drug is non-trivial. This is because V D captures a range of physiological effects, such as drug binding, tissue penetration, and clearance. In our model V D is related to the probability of a molecule exiting the blood vessel, p + tumor , as well as the clearance rate k clearance , but has virtually no relation to D Tissue , which provides a measure of how rapidly a drug can diffuse through the interstitial space and how deep into body tissues it can penetrate. Log(P) is used to assess a drug's lipophilicity, and serves to estimate solubility and how well a molecule will cross lipid bilayers to reach cytosolic targets. In our model, Log(P) is also related to the trans-endothelial transport probability, p + tumor , especially for vessels such as those found in the brain and central nervous system, which have tight endothelial junctions that preclude para-cellular transport. However, leaky tumor vasculatures permit efficient extravasation of > 100 nm diameter liposomes with hydrophilic surfaces, suggesting that Log(P) may not play a major role in tumor delivery.
Comparison with experimental pharmacokinetics
Drug clearance data is typically available from clinical studies that measure the mean blood concentration of drugs in patients as a function of injection dosage [9, 39] . However, within hours of monitoring plasma concentrations can differ by over one order of magnitude between individual patients [5] .
The area under the curve (AUC) is calculated by integrating the blood plasma concentration of a drug over the course of an administered dose. This provides a measure of the exposure to a given drug. In general, the AUC is inversely proportional to the clearance rate and directly proportional to the dose. Variation of AUC and C max in plasma are due to differences in clearance and extravasation, which do not correlate well with BSA [10] . In fact, the clinical clearance rate alone does not allow estimating the rate of uptake for tumor and peripheral tissue. Ultimately what is needed are clinical methods that allow independent measurements of patient specific clearance and extravasation rates, which currently cannot be separated by measurements of plasma drug concentrations. This presents a challenge to all models.
In the present study, we fitted the drug concentration in blood to clinical clearance data from patients that were injected with 25 or 50 mg/m 2 of doxil [39] , respectively, to obtain the clearance rate, in agreement with previous studies [24] . Indeed, the compartment model of Wong et al. used the same averaged clinical plasma drug concentration data to calibrate their model. This allows them to estimate the total amount of drug accumulated in the tumor for a range of putative rate constants for clearance (k ) [24] . In our model we use the same approach, which is the only viable option in the absence of quantitative clinical measurements (see Figs. 2 and 3) .
When all drugs are moved randomly between the vasculature and tissues the time dependent accumulation of drugs in tumor as well as variation due to EPR effect (i.e. varying the ratio of k + tumor to k − tumor )
predicted from the four-compartment model can be replicated quantitatively. However, drug extravasation into tumors via a three-dimensional vasculature has a different functional form (Fig. 2B ). This is because extravasation probabilities depend on the location of the drug in the vessel. This effect is particularly prominent for vessels with larger diameters, as the transport probability for a structural model scales approximately with the surface area of the vessel (i.e. the number of particles near the vessel walls (see Fig. 2D and Fig. S4 ), while compartment models scale with vessel volume (i.e. the total number of particles)). This highlights the importance of the vascular structure for drug delivery. Pharmacokinetics alone are poor indicators of effective drug doses at target sites and cannot provide information on how evenly drugs are distributed within a tumor.
The spatiotemporal model presented here provides high-resolution time series of localized drug concentrations in tumor vasculatures and tissues (Fig. 3) . At present no experimental data exists that provides similar spatial and temporal resolutions. What is typically measured clinically is drug AUC, and C max in plasma, with values for target and off-target tissues usually coming from pre-clinical studies in animal models. While drug plasma concentrations are generally dominated by clearance and extravasation, and are used to fit pharmacokinetic models, whole tumor AUCs, and C max are available from pre-clinical trials and can be compared to our model. A numerical sum of the concentrations within all tissue mesh prisms at each time-step during the realistic vasculature simulation (see Fig. 5D ) gives a tumor AUC on the order of~5000 (mg h / L). This value is reasonably close to an experimental AUC for various PEG-ylated liposomal doxorubicin formulations injected into C-26 tumor bearing mice, which ranged between~1000-7000 (mg h / L) [65] . The possibility of a tumor-specific determination of a concentration-time profile of drug delivery is significant, as conventional dose determination methods are increasingly recognized as problematic [6] [7] [8] [9] [10] [11] . These factors determining delivery depend on a patient's vascular structure (see Fig. 2D ), as well as on the patient-specific pharmacokinetics of the drug, which are uncorrelated with BSA [5] . /s for the 100 nm diameter PEGylated liposomal formulation doxil [41] . Molecular diffusion constants through the interstitial space of living tissues are more difficult to obtain and are likely to vary between different tissue types. For the present study, we estimated tissue diffusivity for doxil liposomes to be 1 × 10 −9 cm 2 /s, in line with previous studies [35, 36, 66] . Varying the diffusivity by five orders of magnitude (10 −10 -10 −5 cm 2 /s) allowed us to implicitly investigate the impact of drug weight, size, polarity, and interaction with endothelia and tissue environments (see Fig. 4 ). This suggests that anticancer agents with clearance and distribution pharmacokinetics similar to doxorubicin should have a tissue diffusivity of at least 10 −8 cm 2 /s to allow sufficiently deep penetration to treat at least 50% of the tumor tissue (assuming an MED of 1 μM). Fig. S7 shows that the tissue penetration of free doxorubicin and doxil liposomes declines rapidly with distance from a fenestrated vessel. This is consistent in functional form with intra-vital fluorescence microscopy studies of free doxorubicin and doxil liposomes, with most of the drugs remaining within 40 μm from the vessel [67, 68] .
Comparison with in vitro and in vivo studies
Applications and comparison with previous structural models
Previous efforts at modeling the spatial distribution of drugs have applied continuum finite-element [25, 69] and finite-difference methods [18] , fluid-mechanics formalisms [70, 71] , time evolution of differential equations [35, 63, 72] , and other methods [73] . These models generally treat both blood vessels and tissues as homogeneous continua and some have been shown to capture detailed advection and diffusion continuum physics including Michaelis-Menten kinetics within 3D networks of cylindrical blood vessels [74] . While this approach works well for simple systems, solving the boundary conditions of realistic tumor vasculatures, which are typically extremely complex, is computationally prohibitive.
The key goal of the present study was to develop a computational model that can replicate the results of continuum models, but dramatically improve computation efficiency and capture the complexity of the physiological micro-environment of tumors. A particle based approach was chosen, where the vasculature is mapped by an interconnected web of cylinders and spheres, embedded in a tissue grid, allowing extremely rapid assignment of particles to a spatial compartment. The computational efficiency of this model therefore scales linearly with the number of particles only, with the addition of even very complex and large vascular networks entailing negligible additional computational costs.
While we have concentrated here solely on the structure of the vasculature, the heterogeneous nature of tumor tissues can be included into our model and mapped at micrometer resolution. Specifically, simulating tortuous vascular structures, and adding tumor fine-structures, such as poorly vascularized areas, blood lakes, and necrotic tissues, different cell types, endothelial layers, etc. is straightforward and does not change the linear scaling with the number of particles of the model.
Model utility, current limitations, and future improvements
At present our methodology can be used to screen the effectiveness of any medication, especially where uptake into different tissues and microenvironments varies, using non-clinical μCT tissue scans. In particular, the present model identifies pharmacological drug property combinations (i.e. the drug's trans-endothelial permeability, tissue diffusion coefficient, and vascular clearance) that provide optimal distribution in a tumor with a particular vascular structure. This has a broad range of potential applications including such as selecting drugs that have tissue penetration properties that are more suited to a particular type of tumor. Future improvements in clinical CT and MRI technology will ultimately allow prediction of the optimal drug dosage regimen for a particular patient and target tissue using structural imaging and modeling of drug delivery.
Quantitative validation of this model requires precise experimental knowledge of a drug or delivery system's vascular and tissue diffusivities, trans-endothelial permeabilities (into healthy and tumor tissues), and pharmacokinetic clearance rates, as well as 3D structural data at micrometer resolution, which are extremely challenging to obtain at present. While conventional clinical CT scanners have a typical resolution of 240 μm, too coarse to capture the fine structure of 10-100 μm capillaries inside a tumor, advanced clinical scanners exist which provide resolutions of down to 30 μm [75, 76] . For research purposes μCT machines are available with sub-micrometer resolutions, allowing full visualization of even the smallest capillaries. However, experimentally tracking drugs at this resolution in 3D tissues remains challenging.
Future improvements in algorithm parallelization and computational hardware performance suggest that the ability to simulate the actual number of particles is well within reach for a tumor of this size. In addition, mechanistic and physiological details such as increased extravasation within predefined leaky endothelial regions or vessel subsections can be implemented without loss of efficiency. Furthermore, anisotropic diffusivities in different vessel segments, drag forces, and other biases can be straightforwardly incorporated.
Conclusions
Chemotherapy outcomes depend critically upon the ability of an anticancer drug to penetrate tumor tissues and cancerous cells at therapeutic concentrations. Systematic optimization of delivery necessitates the development of a more detailed understanding of how molecules enter tissues. The present study shows that there is scope for improvement in dosing drugs for optimal therapeutic effect. The present study shows that: (i.) the 3D structure of the vasculature is an important factor in determining the distribution of a given drug in the tumor tissue it supplies and that correlation with average capillary spacings is poor, (ii.) choosing drugs with optimal extravasation probability and tissue diffusivity can improve overall delivery for a particular vascular structure and MED, and (iii.) the EPR effect makes the liposomal nanoparticle formulation doxil~3× more effective at delivering doxorubicin into the tumor than free doxorubicin itself, even though doxil nanoparticles have both a lower trans-endothelial permeability and a lower tissue diffusivity.
We note that compartment models cannot capture the fact that the vasculature structure is a 3D object, and we show here that the timedependent transport kinetics from a 3D structure cannot be captured accurately with a one-dimensional rate constant, even if a scale factor is introduced. While pure pharmacokinetic models are generally based on fits, which offer valuable insights into correlations between key clinical or physical variables, they provide little information into the fundamental mechanistic, topological, or physical effects driving drug delivery. The latter can only be obtained with a realistic spatial model that accurately captures the key natural phenomena, which we show here is important for optimizing dosage.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.jconrel.2018.11.010.
Conflicts of interest
All authors declare that they have no conflicts of interest.
